The kinetic evaluation was performed for swine manure (SM) degradation and biogas generation. Methods: The SM was anaerobically digested using batch digesters at feed to inoculum ratio (F/I) of 1.0 under mesophilic conditions (36.5℃). The specific gas yield was expressed in terms of gram total chemical oxygen demand (mL/g TCOD added) and gram volatile solids added (mL/g VS added) and their effectiveness was discussed. The biogas and methane production were predicted using first order kinetic model and the modified Gompertz model. The critical hydraulic retention time for biomass washout was determined using Chen and Hashimoto model. Results: The biogas and methane yield from SM was 346 and 274 mL/ TCOD added, respectively after 100 days of digestion. The average methane content in the biogas produced from SM was 79% and H2S concentration was in the range of 3000-4108 ppm. It took around 32-47 days for 80-90% of biogas recovery and the TCOD removal from SM was calculated to be 85%. When the specific biogas and methane yield from SM (with very high TVFA concentration) was expressed in terms of oven dried volatile solids (VS) basis, the gas yield was found to be over estimated. The difference in the measured and predicted gas yield was in the range of 1.2-1.5% when using first order kinetic model and 0.1% when using modified Gompertz model. The effective time for biogas production (TEf) from SM was calculated to be in the range of 30-45 days and the critical hydraulic retention time (HRTCritical) for biomass wash out was found to be 9.5 days. Conclusions: The modified Gompertz model could be better in predicting biogas and methane production from SM. The HRT greater than 10 days is recommended for continuous digesters using SM as feedstock.
Introduction
Anaerobic biodegradation is a process in which complex compounds are degraded into methane, carbon dioxide and other gases by a bacteria consortium. Anaerobic process is an attractive alternative to aerobic treatment for the treatment of low to high strength wastewater, as well as for the production of biogas as an energy source. The anaerobic process has advantages over aerobic treatment systems such as less sludge production, biogas generation, overall pathogen removal, lower energy consumption and lower space requirements (Kim and Hyun, 2004) .
Anaerobic digestion of biodegradable waste will provide a solution for reducing both environmental problem and the consumption of fossil fuels. An additional advantage of anaerobic digestion is that, in addition to the produced biogas, a mineralized effluent that can be utilized as a bio-fertilizer with high nitrogen-phosphoruspotash (NPK) concentrations is obtained (Dίaz et al., 2011) . The quantity of waste produced from swine farms is about 150000 tons/day in Korea and approximately 5.7% of the produced swine waste is disposed of by ocean dumping (KME, 2005; Shin et al., 2008) . Swine manure treatment by anaerobic process could be most effective way of animal waste management (Zhang et al., 1997) .
Anaerobic digestion treatment has been practiced in both batch and continuous digesters. Batch digesters are simpler in both construction and operation than continuous digesters. In the batch test, the selected substrate is incubated in closed vials or flasks at a specific temperature with a certain amount of methanogenic inoculum. After incubation, the degree of degradation of the substrate is evaluated at pre-set time intervals to determine the rate and ultimate extent of biodegradation (Raposo et al., 2009 ). These batch digesters are applied in large-scale installations and in laboratories when assessing the biochemical methane potential (BMP). To determine the suitability of a specific organic substrate for anaerobic digestion, the biochemical methane potential Remove (BMP) test has been proven to be a relatively simple and reliable method for the comparison of the extent and rates of waste conversion to methane (Hansen et al., 2004; Owen et al., 1979) .
Kinetic modeling is an accepted approach to describe the specific parameters of the system performance. The results of kinetic studies obtained from experimental studies can be used for estimating treatment efficiencies of full-scale reactors with the same operational conditions. Different type's kinetic models have been applied successfully to anaerobic treatment using different types of reactors. Due to the microbial role in the anaerobic process, kinetic models particularly the first order kinetics were commonly applied to simulate the anaerobic biodegradation. Like the phase of bacterial growth, biogas production rate showed a rising limb and a decreasing limb which was indicated by exponential and linear equation (De Gioannis et al., 2009; Kumar et al., 2004) . In addition, biogas accumulation could be simulated by exponential rise to maximum as well as modified Gompertz equations which were commonly used in the simulation of methane production (Lo et al., 2010; Li et al., 2011) . The characteristics of swine manure (SM) varies from place to place based on types of feed used, amount of water used for flushing, and conditions under which SM is stored before treated in anaerobic digesters. Thus, before designing large scale batch or continuous anaerobic digesters for the treatment of particular SM or any substrates, it could be beneficial to evaluate the kinetic properties of the substrates under similar conditions in which continuous or batch reactors supposed to be operated. The determination of biogas and methane potential, biogas productions rate, degradation rate constant (K), duration of lag phase (λ), and critical hydraulic retention time (HRT Critical ) for biomass washout can be useful in model development and simulation of anaerobic digestion process for particular substrates used.
In this study, SM with very high volatile fatty acid concentrations (22030 mg/L) was anaerobically digested in batch digesters under mesophilic conditions. The main objective of the present study was to perform the kinetic evaluation for SM degradation and biogas generation using different kinetic models. The specific objectives are as follows: (1) to determine the biogas and methane potential, and biogas production rate of SM; (2) to determine the best fitted model for SM anaerobic digestion process and predict the biogas and methane production; (3) to determine the minimum HRT for biomass washout and effective biogas production period for SM under mesophilic conditions.
Materials and Methods

Feed stock and inoculums
Swine manure was obtained from a swine farm located in Gimje, Jeon-Buk Province, South Korea and stored at 4℃. The mesophilic anaerobic digested sludge (inoculum) was obtained from a laboratory-scale fully stirred tank reactor (FSTR) installed at the Department of Biosystems Engineering, Kangwon National University, Korea. Swine manure was used as the substrate from which the inoculum was obtained. The characteristics of SM and the inoculum used for the tests are shown in Table 1 .
Batch digester startup and experimental design
The batch anaerobic digestion test was carried out in 2.3 L glass bottles (liquid volume 2.0 L) as shown in Figure 1 . The experimental design for batch test is shown in Table 2 . The feed to inoculum (F/I) ratio was maintained 1.0. The F/I ratio was calculated based on the initial VS of the substrate and inoculum. After adding the required amounts of inoculum and substrate, each
